Herbivore-induced plant volatiles prime plant defenses and resistance. How volatiles 18 are integrated into early defense signaling is not well understood. Furthermore, whether 19 there is a causal relationship between volatile defense priming and herbivore resistance 20 is unclear. Here, we investigated the impact of indole, a common herbivore-induced 21 plant volatile and known defense priming cue, on early defense signaling and herbivore 22 resistance in rice. We show that rice plants infested by Spodoptera frugiperda 23 caterpillars release up to 25 ng*h -1 . Exposure to equal doses of synthetic indole 24 enhances rice resistance to S. frugiperda. Screening of early signaling components 25 reveals that indole directly enhances the expression of the receptor like kinase OsLRR-26 RLK1. Furthermore, indole specifically primes the transcription, accumulation and 27 activation of the mitogen-activated protein kinase OsMPK3 as well as the expression 28 of the downstream WRKY transcription factor OsWRKY70 and several jasmonate 29 biosynthesis genes, resulting in a higher accumulation of jasmonic acid (JA). Using 30 transgenic plants defective in early signaling, we show that OsMPK3 is required, and 31 that OsMPK6 and OsWRKY70 contribute to indole-mediated defense priming of JA-32 dependent herbivore resistance. We conclude that volatiles can increase herbivore 33 resistance of plants by priming early defense signaling components. 34 35 Keywords 36 Indole; jasmonic acid; mitogen-activated protein kinase; plant herbivore interactions; 37 priming; plant defense; rice, volatile; WRKY. 38 65 amino butyric acid (GABA) metabolism, which mediates GLV-induced root growth 66 suppression in a JA-independent manner (Mirabella et al., 2008). Despite these 67 promising results, how HIPVs are integrated into early defense signaling to regulate 68 4 / 30
Introduction 39
Plants that are under attack by insect herbivores emit specific blends of herbivore-40 induced plant volatiles (HIPVs). HIPVs can prime intact plant tissues to respond faster 41 and/or stronger to subsequent herbivore attack (Ton et al., 2007; Kim and Felton, 2013;  5 / 30 concentrations of indole are sufficient to increase rice resistance against a chewing 99 herbivore. from rice plants that are attacked by different densities of S. frugiperda caterpillars. The percentage 106 of consumed leaf area relative to total leaf area is indicated on the x-axis (+SE, . The release 107 of synthetic indole by custom-made capillary dispensers is shown for comparison. Letters indicate 108 significant differences between treatments (P < 0.05, one-way ANOVA followed by multiple 109 comparisons through FDR-corrected LSMeans). L.O.D., below limit of detection. (D) Average 110 growth rate of S. frugiperda caterpillars feeding on rice plants that were pre-exposed to indole 111 dispensers releasing indole at approx. 21 ng h -1 or control dispensers for 12 h prior to infestation 112 (+SE, n=15) . (E) Average consumed leaf area (+SE, n=15) . Asterisks indicate significant differences 113 between the volatile exposure treatments (Student's t-tests, **, P < 0.01). 114
Indole primes the transcription of early defense signaling genes 115 To explore the capacity of indole to regulate early defense signaling in rice, we profiled 116 the expression of known early defense signaling genes (Figure 2A ), including two 117 receptor-like kinases (Ye, 2016; Hu et al., 2018) , two MPKs (Wang et al., 2013; Li et 118 al., 2015) , seven WRKY transcription factors (Qiu et al., 2008; Koo et al., 2009; Li, 119 2012; Han et al., 2013; Hu et al., 2015; Li et al., 2015; Huangfu et al., 2016 ) and five 120 jasmonate biosynthesis genes (Figure 2A ) (Zhou et al., 2009; Fukumoto et al., 2013; 121 Guo et al., 2014; Hu et al., 2015) . Control plants and plants that were pre-exposed to 122 indole for 12 h were measured 0 min, 90 min and 360 min after simulated herbivore 123 attack to capture both direct induction and priming. Herbivory was simulated by 124 wounding the leaves and adding S. frugiperda oral secretions (OS) as described (Erb et 125 al., 2009; Fukumoto et al., 2013; Chuang et al., 2014) . The expression of OsLRR-RLK1, 126 a receptor like kinase that regulates herbivore resistance (Hu et al., 2018) , was directly 127 induced by indole exposure and expressed at higher levels 90 minutes after simulated 128 herbivore attack ( Figure 2B ). The transcription of OsMPK3, an MPK which acts 129 downstream of OsLRR-RLK1 to regulate herbivore-induced defense and resistance 130 (Wang et al., 2013; Hu et al., 2018) was not directly induced by indole, but primed for defense signaling in rice, including leucine-rich repeat receptor-like kinases (LRR-RLKs), mitogen-143 activated protein kinases (MPKs), WRKY transcription factors, jasmonate biosynthesis genes and 144 oxylipins. (B -E) Effect of indole pre-treatment on the expression of genes coding for the different 145 early signaling steps at different time points after elicitation by wounding and application of 146
Spodoptera frugiperda oral secretions (+SE, . OPDA, 12-oxophytodienoic acid; JA, jasmonic 147 acid; JA-Ile, JA-isoleucine. Asterisks indicate significant differences between volatile exposure 148 treatments at different time points (two-way ANOVA followed by pairwise comparisons through 149 FDR-corrected LSMeans; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Genes responding to indole 150 are highlighted in gray. 151 152
Indole primes OsMPK3 accumulation and activation 153
To determine whether transcriptional priming of MPKs is also reflected in protein 154 abundance, we performed western blots using OsMPK3 and OsMPK6-specific 155 antibodies. Protein accumulation of OsMPK3 was primed by indole, leading to higher 8 / 30
OsMPK3 abundance 90 min after elicitation ( Figure 3A ). OsMPK6 accumulation was 157 not altered by indole pre-treatment ( Figure 3B ). To further investigate whether indole 158 pretreatment increases OsMPK3 activation, we measured OsMPK3 phosphorylation by 159 immunoblot analysis using an anti-phosphoERK1/2 (anti-pTEpY) antibody that 160 interacts with doubly phosphorylated (activated) MPK3 and MPK6 (Segui-Simarro et 161 al., 2005; Anderson et al., 2011; Schwessinger et al., 2015) . Indole primed OsMPK3 162 activation 90 min after elicitation ( Figure 3C ). We also detected a slightly higher Immunoblotting was performed using an anti-MPK3 antibody for OsMPK3 (A), an anti-MPK6 170 antibody to for OsMPK6 (B), an anti-pTEpY antibody to detect phosphorylated MPKs (C), or an 171 actin antibody as a loading control. Actin was measured on a replicate blot. This experiment was 172 repeated two times with similar results. 173 174
Indole induces OPDA and primes JA

175
To investigate whether the activation of early defense signaling components is 176 associated with higher accumulation of stress-related phytohormones, we quantified 177 12-oxophytodienoic acid (OPDA), JA and JA-isoleucine (JA-Ile), abscisic acid (ABA) 178 and salicylic acid (SA) in indole-exposed and control plants ( Figure 4 ). (D) abscisic acid (ABA) and (E) salicylic acid (SA) in indole-and control-exposed rice plants at 183 different time points after elicitation (+SE, . Plants were exposed to indole for 12 h before 184 elicitation. (F -I) Average concentrations of OPDA, JA, JA-Ile and ABA in rice plants that were 185 exposed to indole for 1 h, 3 h, 6 h or 12 h or control dispensers 90 min after elicitation (+SE, n=5-186 6). SA levels were not measured in this experiment. Asterisks indicate significant differences 187 between treatments (two-way ANOVA followed by pairwise comparisons through FDR-corrected 188
LSMeans; *, P < 0.05; **, P < 0.01; ***, P < 0.001). 189
Indole exposure increased the accumulation of OPDA before and after elicitation 190 ( Figure 4A ). JA concentrations were increased in indole-exposed plants 90 and 360 min 191 after elicitation ( Figure 4B ). The levels of JA-Ile, SA and ABA were not affected by 192 indole pre-exposure ( Figure 4C-E) . To test the total dose of indole that is required for 193 the priming of phytohormones, we exposed rice plants to indole dispensers for 1-12 h mpk3, (C) ir-mpk6, (D) ir-wrky70, (E) as-aos1 lines and wild-type (WT) plants that were pre-222 exposed to indole or control (+SE, n=15). (F -J) Average concentrations of herbivore-induced 12-223 oxophytodienoic acid (OPDA) in the different transgenic lines and WT plants that were pre-exposed 224
to indole or control dispensers (+SE, n=6). (K -O) Average concentrations of herbivore-induced 225 jasmonic acid (JA) in the different transgenic lines and WT plants that were pre-exposed to indole 226 or control dispensers (+SE, n=6) . Note that WT, ir-mpk3 and ir-mpk6 plants as well as WT, ir-227 wrky70 and as-aos1 plants were measured together within the same experiments. The WT data is, 228 therefore, identical in the respective figures (e.g. same WT data for ir-mpk3 and ir-mpk6 figures; 229 same WT data for ir-wrky70 and as-aos1 figures) and shown repeatedly for illustrative purposes.
230
FW, fresh weight. n.s. not significant. Percentages refer to fold changes of indole-exposed plants 231
relative to control-exposed plants. Asterisks above bars indicate significant differences between 232 volatile exposure treatments within the same plant genotype (two-way ANOVA followed by 233 pairwise comparisons through FDR-corrected LSMeans; *, P < 0.05; **, P < 0.01; ***, P < 0.001).
234
Asterisks above bars represent significant differences between indole-dependent fold changes of 235
WT and transgenic lines (Student's t-tests, *, P < 0.05; **, P < 0.01; ***, P < 0.001). 236
237
The jasmonate signaling pathway contributes to indole-induced herbivore 238 resistance 239 To study the connection between the regulation of JA and the decrease in herbivore 240 performance in indole-exposed plants, we tested as-aos1 plants, which accumulate 241 lower levels of jasmonates upon herbivore elicitation (Hu et al., 2015) . OPDA, 242 accumulation, JA priming and herbivore growth suppression were reduced by 243 approximately 50% in as-aos1 plants ( Figure 5E ). Across the different genotypes, 244 herbivore growth suppression was strongly correlated with OPDA and JA over-245 accumulation: Genotypes that responded to indole with stronger OPDA accumulation 246 and JA priming also reduced larval growth more strongly after pre-exposure ( Figure   247 6A, B). By contrast, JA-Ile did not respond significantly to indole pre-treatment in any 248 of the measured genotypes (Supplemental Figure 1) , and there was no correlation 249 between indole-effects on JA-Ile and herbivore growth suppression ( Figure 6C ).
250
Together, these findings implicate the jasmonate signaling pathway in indole-induced 251 herbivore resistance. Correlations between the fold changes of herbivore-induced (A) 12-oxophytodienoic acid (OPDA), 255 (B) jasmonic acid (JA), and (C) JA-isoleucine (JA-Ile) concentrations in indole-exposed plants 256
relative to control-exposed plants and fold changes of S. frugiparda larval performance on indole-257 exposed plants relative to control-exposed plants. Figure 3) . It also induces the transcription of a receptor-like kinase, but this does not 296 seem to be required to activate downstream responses. We conclude that indole reprograms early signaling through mechanisms that differ from non-volatile chemical 298 elicitors such as BABA and BTH.
299
Most HIPVs that enhance defenses have also been shown to prime jasmonate 300 biosynthesis. Indole does the same in maize (Erb et al., 2015) and, as shown here, rice. et al., 2008; Riemann et al., 2013) . OsAOC, for instance, which catalyzes allene 308 oxide to OPDA, is encoded by only a single copy gene, and OsAOC-defective rice 309 plants are jasmonate-deficient (Riemann et al., 2013; Lu et al., 2015) . Indole exposure 310 also directly induces the accumulation of the JA precursor OPDA. In theory, this bigger 311 pool may increase the formation of JA upon elicitation through the induction of 312 OsOPR3 following herbivore attack. However, our experiments show that OPDA 313 depletion upon elicitation is not strictly required for JA priming. Thus, there is currently 314 no evidence that direct OPDA induction is causally linked to JA priming in indole-315 exposed plants. 316 OsMPK3, OsWRKY70 and JA are part of the same signaling cascade and are positive 317 regulators of rice resistance to chewing herbivores (Zhou et al., 2009; Wang et al., 2013; 318 Li et al., 2015) . Indole primes these defense signaling components, and silencing their Xiushui 11 were used. These genotypes have been described and characterized 344 previously (Wang et al., 2013; Hu et al., 2015; Li et al., 2015; Hu et al., 2018) . Rice 345 seeds were pre-germinated, and then sown in plastic pots (11 cm height, 4 cm diameter) 346 using commercial potting soil (Aussaaterde, Ricoter Erdaufbere-itung AG, 347 Switzerland). Plants were grown in a greenhouse (26°C ± 2°C, 55% relative humidity, Quantification of herbivore-induced indole 356 To determine natural emission rates of indole, we infested rice plants with 3, 5 or 8 357 third-instar S. frugiperda larvae for 12 h, resulting in the consumption of approx. 10%,
358
30% and 50% of total leaf area. Following infestation, volatiles were collected using a 359 dynamic headspace sampling system and Super-Q traps (n=8). Briefly, the rice plants 360 were enclosed with cooking bags (PET, 35 × 40 cm, max. 200 °C, Migros supermarket, 361 Switzerland). Purified air from a multiple air-delivery system entered the bags via the cylinders were carefully removed and the plants were subjected to OS elicitation 386 (see "Plant elicitation" below). Indole and control dispensers were made as described 387 previously (Erb et al., 2015) . Briefly, dispensers consisted of 2 mL amber glass vials 388 (11.6 × 32 mm -2 ; Sigma) containing 20 mg of synthetic indole (>98%, GC, Sigma, 389 USA). The vials were closed with open screw caps that contained a PTFE/rubber 390 septum, which was pierced with a 1 µL micropette (Drummond, Millan SA, 391 Switzerland). The vials were sealed with parafilm and wrapped in aluminum foil for 392 heat-protection and to avoid photodegradation. GC/MS analyses using the approach 393 described above showed that these dispensers release approx. 21 ng h -1 volatile indole, 394 which corresponds to amounts emitted by a single rice plant under attack by S. 395 frugiperda (Figure 1 ). Control dispensers consisted of empty glass vials. Dispensers 396 were prepared 24 h before the start of experiments. As we used a passively ventilated 397 cylinder system, indole may accumulate at levels that are higher than expected under 398 natural conditions. To test whether plant defense responses are affected by potential 399 accumulation over time, we exposed rice plants to dispensers for 1 h, 3 h, 6 h and 12 h 400 and measured priming of jasmonic acid (JA) as a downstream defense marker (see 401 sections "plant elicitation" and "phytohormone quantification"). We found that JA 402 priming is independent of the duration of indole exposure (Figure 4) . We therefore 403 proceeded in using this system and an exposure time of 12 h for the remaining 404 experiments. Herbivore performance 415 One starved and pre-weighed second instar larva was individually introduced into 416 cylindrical mesh cages (1 cm height and 5 cm diameter), and clipped on the leaves of 417 rice plants which were pre-exposed to indole or control. The position of the cages was 418 moved every day to provide sufficient food for the larvae. Larval mass was determined 419 7 days after the start of the experiment. To quantify damage, the remaining leaf pieces 420 were scanned, and the removed leaf area was quantified using Digimizer 4.6.1 421 (Digimizer) (n=15). The relative transcript levels of the target genes in samples were determined according 442 to the standard curve. A rice actin gene OsACTIN was used as an internal standard to 443 normalize cDNA concentrations. The primers used for QRT-PCR for all tested genes 444 are listed in Supplemental Table 1 . 
